Abstract.-A simple model is proposed for estimation of the optimal caste composition in polymorphic ants. The model gives the optimal caste composition as the highest point on a hypersurface that represents the total efficiency of the colony as a whole. The hypersurface is the product of all partial efficiency surfaces for all tasks. The model was applied to the dimorphic ant Colobopsis nipponicus to test its utility. The ergonomic efficiency of the colony as a whole was estimated from the quantitative ability of each caste to perform each role. When all partial functions of the major workers were included in the model, the predicted optimal ratio closely reflects the observed caste ratio in the field. In addition, the pattern of changes in brood productivity upon experimental manipulation of the caste ratio was consistent with the pattern predicted from the model. These results suggest that the model is useful for estimations of the optimal caste ratio and that the caste ratio in field colonies is tuned to maximize the ergonomic efficiency of the colony as a whole through colony-level selection.
between the numbers of members of the two subcastes. Because each subcaste differentiates functionally, different caste ratios must result in differences in ergonomic efficiency of the colony as a whole. Oster and Wilson (1978) argued that the ratio between functionally differentiated castes should be tuned to maximize the ergonomic efficiency of the colony as a whole. Moreover, selection that shapes caste ratios would act on the colony as a whole. They proposed a theoretical model for estimation of the optimal caste ratio in a colony. However, the model has proved difficult to apply to the evaluation of empirical data.
Although many studies of division of labor have been done (see previously cited references), only a few have focused on the relationships between the roles of different subcastes and the caste ratio (Porter and Tschinkel 1985; Walker and Stamps 1986; Fowler 1987; Tsuji 1994) . Indeed, no estimations of the optimal caste ratio have ever been made, probably as a consequence of the complexity of the previously proposed models. In addition, this study area is disappearing from the scientific field, although some data suggest that natural selection is working on the overindividual level. Roles of selection on the overindividual level is an untouched area in evolutionary biology. For example, Porter and Tschinkel (1985) and Tsuji (1994) reported that the brood productivity of the colony as a whole was affected by morphology or an age-based subcaste ratio, and their studies suggested the influence of colony-level selection on caste ratio. Thus, caste ratio studies are especially important when we try to understand the hierarchical selection structures that operate in insect societies, in particular, and in social groups of organisms, in general.
I have previously investigated the roles of the two subcastes in the dimorphic ant Colobopsis nipponicus in quantitatively analyses (Hasegawa 1993a (Hasegawa , 1993b . In this study, I propose a simple model for estimation of the optimal caste composition in polymorphic ants. The model is applied to the dimorphic species C. nipponicus, by reference to the quantitative efficiencies of each caste in the performance of each role. Caste ratios observed in the field are compared with the estimated ratios to determine whether the estimates are concordant with empirical data. In additional experiments, the effects of caste ratios on brood productivity were examined by manipulation of caste ratios in experimental colonies. THE MODEL In this section, a general model is proposed for a polymorphic species that has more than two subcastes. The model is then explained in more detail in the case of dimorphic species.
If there is more than one class of workers (= subcaste) in a colony and if each class specializes in different tasks to a different specific extent, there must be an optimal caste composition that maximizes the ergonomic efficiency of the colony as a whole. How do we find the optimal caste composition (the relative proportion of each caste)? A general approach is as follows. When there are n subcastes within a colony, any caste composition can be represented as a point on a hypersurface in a multidimensional space with n -1 dimensions. Each axis ranges from 0 to 1 because each axis represents the relative proportion of each subcaste. The hypersurface mentioned earlier is defined as a surface on which any point satisfies the equation pi + P2 + . . . + pn = 1, where pi is the proportion of the ith subcaste in the total population of workers; it is called a caste surface hereafter. If we define an efficiency axis (ranging from 0 to 1) that intersects the caste surface vertically, the efficiency function of the colony for a given task can be represented as a hypersurface that covers the caste surface. If there are t tasks, there are t hypersurfaces over the caste surface. Then, the total ergonomic efficiency at a given point on the caste surface is obtained by multiplying the values of all t efficiency surfaces at that point. The total efficiency function of the colony as a whole is obtained as a synthesized hypersurface composed of all the efficiency surfaces over the caste surface. Now, the optimal caste composition can be obtained as a point that gives the maximum efficiency on the total efficiency surface. In a later section, this construct is proved mathematically for a dimorphic species.
The model is explained in more detail for a hypothetical dimorphic species. When gain of fitness through each task is standardized by reference to the maximum fitness from a task that possibly achieves the highest gain in fitness among all tasks, the fitness gain of each task can be represented as a caste ratio function that varies between 0 and 1. Such functions represent the pattern of changes with caste ratio in the colony's efficiency for performance of each task. For example, when there are two tasks and each task contributes equally to fitness gain, each efficiency function has the same maximum value of 1 (fig. 1A ). If each different task contributes unequally to fitness gain, the efficiency function for the most efficient task has the highest value (= 1), and the other efficiency function has a maximum value that is <1 (see fig. 1B ). However, we never know the actual maximum values of each function because the observed fitness is the result of the total efficiency function. In such cases, we can calculate the total efficiency function by assuming that all the partial functions have the same maximum value (see the next section). Thus, the maximum value of the efficiency functions that has a lower maximum value can be scaled up to the maximum value of 1 (see fig.  1B ). In figure 1A and B, the efficiency for task A (represented as tAlr]) and that for task B (tBdr]) change linearly with caste ratio. This pattern is predicted when FIG. 1.-Graphic illustration of the concepts of the model for estimation of the optimal caste ratio (OCR) in dimorphic social insects. Increasing and decreasing lines with caste ratio represent changes in colony efficiency through tasks A and B, respectively, to which two castes are specialized to different extents. In all cases, the total efficiency function (convex curves) of the colony is represented as the product of the efficiency values of all partial functions. Figure 1A shows a case in which both castes are highly specialized in their roles, which contribute equally to colony fitness. A case of the unequal contribution of each role to colony fitness is shown in figure lB. The increasing line with a gentle slope in figure lB shows the actual relative contribution to colony fitness through task A. A scaled-up version of this line (increasing line with a steep slope) can be used in calculations of the optimal caste ratio (for proof, see text). Figure IC shows a case of a nonlinear pattern of change in colony efficiency that occurs when the size between castes is very different or when the effects of the caste ratio on task efficiency are not additive. 
1~
~ at ai the size (= production cost) of the two subcastes is the same and when each subcaste contributes quantitatively to their roles. However, in some case, the efficiency for some tasks changes nonlinearly. Figure IC shows an example of such a case. This pattern is predicted when there is a large difference in size between the castes or when the castes contribute qualitatively to their roles. However, in all cases, the total efficiency function can be represented by the locus of the product of the two efficiencies (the convex curves in fig. lA-C) , and the optimal ratio is the ratio that yields the maximum fitness gain of the colony through performance of the both tasks. Let us consider mathematically whether this argument holds for any shape and relative height of the efficiency functions. If there are t tasks in a colony, it can be said that the total colony efficiency at the ratio r is represented by T(r) = HLoiti(r), where ci is a constant (0 < ti ' 1) by which the efficiency or performance of each task is weighted to the maximum fitness achieved through the most efficient task, and ti(r) is the efficiency function for the ith task. If all partial tasks contribute equally to the production of reproductives, all ci = 1. The optimal caste ratio is given as the r at which the total efficiency function has the highest value. In general, this ratio can be obtained as the r at which the differential coefficient of T(r) (represented by T'[r]) becomes 0. The differential function of T(r) is represented by the equation T'(r) = ?t1, t2 t3, . . . Ot {ttl(r) t2(r) . . . tt(r) + t1(r) t'2(r) . . . tt(r) + t,(r) t2(r) . . . tt'(r)}, where ti'(r) is the differential coefficient for ti(r) at r. Because 0 < ti ' 1, this function is a proportionally scaleddown version of T'(r) in the case when all ci = 1. Thus, the r that gives the highest value of T'(r) is independent from values of ti. In addition, the shape of each ti(r) has no effect on the result. Therefore, the optimal caste composition can be obtained when all partial efficiency functions are differentiable.
In empirical studies, the shape of ti(r) can be determined when the quantitative degree of specialization by each caste for each role is known. Therefore, at least in a colony of a dimorphic species, the optimal caste ratio can be estimated from a quantitative assessment of caste specialization, regardless of the shape and relative height of the efficiency function for each task.
APPLICATION TO COLOBOPSIS NIPPONICUS DATA
The Study Organism
The model was applied to data obtained from observations of the dimorphic ant Colobopsis nipponicus. The genus Colobopsis was recently separated from the genus Camponotus (Holldobler and Wilson 1990) , and all the Colobopsis species have completely dimorphic subcastes in workers. In C. nipponicus, a major worker is about 2.9 times as heavy as a minor worker (Hasegawa 1993a) . This difference can be regarded as the difference in production costs between the two subcastes. Major workers have a truncated head that is used to plug nest entrances (Wilson 1974; Cole 1980; Walker 1984; Walker and Stamps 1986; Hasegawa 1993a) ; therefore, they are regarded as nest defenders. Major workers also store nutrition as liquid and fat bodies in the gaster (Wilson 1974; Hasegawa 1993a ). Ethograms for Colobopsis) species have demonstrated that over half of the major workers' behavior is regurgitation of stored food, whereas minor workers engage in daily tasks, such as brood care and foraging (Wilson 1974; Cole 1980; Walker 1984; Hasegawa 1993a) . Detailed studies of quantitative specialization of major workers have been conducted on C. nipponicus (Hasegawa 1993a (Hasegawa , 1993b . These studies indicated that the major workers can perform their own roles (nest defense and food storage) more efficiently than can the minor workers (the extent of specialization is discussed later).
Efficiency of Food Storage
Previously I showed (Hasegawa 1993a ) that, on average, a major worker of C. nipponicus can store 2.14 times more liquid and 1.68 times more fat on a dry weight basis than can a minor worker. I also demonstrated that the storage ability of both subcastes changes with colony size, while the difference in storage ability between the two castes remains constant with changes in colony size. Thus, considering the size difference between the two subcastes, the amounts of storable liquid and fat in a colony as a whole can be calculated for a colony of a given size with various caste ratios. Changes in caste ratio alter the amounts of stored nutrient in a colony, even when colony size is held constant. Storage in a colony is maximized when the colony contains only major workers because major workers are more efficient with respect to storage than minor workers. Thus, the task efficiency for storage (storage efficiency) of a colony with a given caste ratio can be represented by the proportion of the amount of stored nutrient at that caste ratio relative to the possible maximum storage at a caste ratio of 100% major workers. Figure 2 shows changes in storage efficiencies with caste ratios for both liquid and fat. As mentioned previously, the lower the caste ratio, the lower the storage efficiency. However, the storage efficiency does not decrease to 0 at 0% major workers because the minor workers can store some liquid and fat, albeit less efficiently than can the major workers. Note that the numerical proportion of major workers in the total population of workers is used as the caste ratio in this study. Of course, the caste ratio can also be represented by a weight (investment) ratio between the two castes. In field studies, however, numerical ratios are more easily measured than are weight ratios. Thus, in this article, all efficiency functions are calculated as functions of numerical ratios with reference to the weight difference between the two subcastes.
Efficiency of Defenses I demonstrated (Hasegawa 1993b ) that most nests without major workers are usurped by nonspecific colonies. A single major worker per nest entrance is sufficient to defend the nest effectively from competitors. I also showed that most nests without major workers were usurped or disappeared during the first 2 wk from the start of an experiment, but thereafter the rate of decrease in number of nests did not differ between nests with and without major workers. This observation means that competition for nest site was most intense during the first 2 wk. Therefore, the efficiency of defense of a colony was represented by the regression of the survival rate on caste ratio at the 2 wk from the start of the experiment. Because the regression was calculated for log-transformed data, a caste ratio of 0% was replaced with a dummy variable (0.001). Figure 3 shows the relationship between survival rate and caste ratio in the experimental colonies. This function was used directly to estimate the efficiency of defenses at a given caste ratio.
Efficiency of Performance of Daily Task
Because major workers of C. nipponicus do not engage in daily tasks, such as brood care, care of the queen(s), and foraging (Hasegawa 1993a) , performance of such tasks would decrease with caste ratio. Because minor workers perform all daily tasks with the exception of nest defense, the number of minor workers itself should reflect the performance of daily tasks in the colony. Thus, changes in numbers of minor workers can be used as a function of efficiency of daily tasks. Although a major worker is 2.9 times as heavy as a minor worker on average, the difference in size changes with colony size (see Hasegawa 1993a). Thus, shape of the curve representing daily task efficiency changes with colony size. From the pupal dry weights of both subcastes, changes in number of minor workers to caste ratio were calculated for colonies of three different sizes. Figure  4 shows the changes in daily task efficiency with the caste ratio for colonies of three different sizes. Each efficiency curve has a concave shape because the number of minor workers does not decrease linearly with caste ratio as a result of size differences between the two subcastes. Larger colonies have more concave functions, reflecting the fact that the size difference is larger in larger colonies. By using the appropriate daily task efficiency curve for a given colony size, we can estimate the optimal caste ratio more accurately. As mentioned previously, when changes in the efficiency of performance of each role with caste ratio are known, the total efficiency can be represented by the product of all partial efficiencies at a given caste ratio. Then, the optimal caste ratio can be estimated to be the ratio that gives the maximum total efficiency of the colony as a whole. In calculation, the maximum values of the efficiency function for each task were assumed to be the same, and such an assumption has no effect on the results (see the description of the model). Figure 5A -C shows total efficiency functions based on different assumptions about the roles of the major workers. The efficiency functions in figure 5A-C were calculated for a colony size of 200 mg because this size is typical in the field. When major workers were assumed to perform nest defense only, the maximum value of the total efficiency function was found at a caste ratio of approximately 6% ( fig. 5A ). When storage is assumed to be the only role of the major workers, the optimal caste ratio is about 16% (fig. 5B ). When both storage and defense are included in the model, the optimal caste ratio increased to about 20% ( fig. 5C ). The former two cases are unlikely, but they do show that the model can incorporate each function of the subcastes independently.
Comparison with the Observed Distribution of Caste Ratio in the Field
The optimal caste ratios, based on the prior three assumptions, were calculated for a range of colony sizes (0-800 mg) and are represented as a function of colony size. As mentioned previously, the daily task efficiency curves are more concave for larger colonies; thus, the optimal caste ratio is slightly lower in larger colonies than in smaller colonies. The estimated optimal ratio functions (the solid lines in fig. 6A-C) are shown together with the observed distribution of caste ratio in 196 colonies collected in the field from June 1990 to October 1991. In each panel, dotted lines represent the ratios that yield 95% of the optimal efficiency value. When only defense or storage was included in the model, the estimated ratio function did not fit well with the observed distribution of caste ratios ( fig. 6A, B) . However, when both defense and storage were included in the model, the estimated curve was in a good agreement with the observed distribution of ratios ( fig. 6C ). In addition, caste ratios of most field colonies fell within a range that gave more than 95% of the optimal efficiency.
Experimental Manipulation of the Caste Ratio
To examine whether changes in caste ratio actually affect brood production, laboratory colonies were experimentally manipulated. Setup conditions for the experiment are shown in table 1. Five experimental treatments with five replicates each were examined using adults and larvae from reared colonies. Each experimental colony consisted of 100 mg of workers with 0%, 10%, 20%, 30%, 50%, or 100% of major workers in numbers. Workers in each colony were given 100 larvae in larval classes 1-3 (the larvae do not attain size of pupation; see Figure 6A -C corresponds to the three assumed roles of majors: defense only, storage only, and defense plus storage. The solid line represents the estimated optimal ratios. The dotted lines represent ratios that are at 95% efficiency of the optimal ratio. NOTE.-Each colony was cultured for 1 mo, and the initial number of larvae was 100 in each case. Hasegawa 1992 for details of the classes) at the onset of the experiment. The number of larvae in each size class was equalized in each colony to give an equal total live weight of larvae to each colony. Each experimental colony was housed in a hollow bamboo stem and reared under constant conditions (250C, 60% relative humidity, 14L: 1OD). The colonies were supplied ad lib. with an artificial ant diet (Bhatkar and Whitcomb 1970) in liquid form. One month later, the numbers of surviving larvae and their total live weights were recorded. A statistical test showed that the average number of surviving larvae did not differ between any pair of treatments. However, the total larval weight at the end of the experiment was significantly different between several pairs (table 2) . Because the number of surviving larvae did not differ between the treatments, differences in the total larval weight represent the weight gain per larva in each treatment and thus reflect the ergonomic efficiency of the colony as a whole. The increments in total larval weight for each treatment are shown in figure 7. The group with a caste ratio of 20% showed the largest incremental value among all treatment groups. Thus, the group with 20% major workers operated with the highest ergonomic efficiency of all the groups.
DISCUSSION
The quantitative analysis of task efficiency showed that the ergonomic efficiency of the colony for storage or defense should increase, while that for daily tasks should decrease with caste ratio (see also Hasegawa 1993a Hasegawa , 1993b . These effects of caste ratio on the colony's efficiency for different tasks should result in a specific caste ratio at which the colony maximizes its reproductive output. Thus, the optimal caste ratio can be estimated by applying the model described in this article. When only storage or defense was included in the model, the estimated caste ratio was lower than the observed ratio. These conditions are unlikely because the major workers of Colobopsis nipponicus actually specialize in both tasks. Thus, disagreements of the observed ratios with the estimates are reasonable. When both tasks were included in the model, the estimated ratio was consistent with the observed ratios, which suggests that the caste ratio of C. nipponicus is tuned via interactions between a colony's efficiency with respect to all three tasks and that the model is useful for estimating the optimal caste ratio.
The major workers of C. nipponicus specialize in two different roles, storage of nutrition and nest defense (Hasegawa 1993a (Hasegawa , 1993b . Even a single major can effectively defend a nest, but colonies without majors do not survive (Hasegawa 1993b ). Thus, it appears that a few majors (at least as many as there are nest entrances) are required for defense, but a large number of majors would be a waste of the colony's resources because, even when a colony becomes very large, there are usually fewer than 20 nest entrances (E. Hasegawa, unpublished data). However, large colonies often contain more than 200 majors (E. Hasegawa, unpublished data)-in other words, considerably more than the minimum number needed for nest defense. Therefore, the observed caste ratio in field colonies (ca. 20%) suggests the importance of storage of nutrition in this species.
Evidence from other studies supports this conclusion. The termite Cryptotermes domesticus has a soldier caste with similar head morphology to that of majors of C. nipponicus, and soldiers engage in nest defense by head plugging (E. Hasegawa, personal observation). Because C. domesticus nests in dry dead wood and eats the nest material itself, it is hard to assume a storage role for soldiers. Thus, the present model predicts a few soldiers among all colony members if the soldiers are highly effective in defending nest and less effective performing daily tasks (these assumptions are quite plausible). The soldiers of C. domesticus represented only 1%-2% of the total colony members in nests on the Bonin Islands in southern Japan (E. Hasegawa, personal observation). Thus, the importance of nutrition storage might be responsible for the higher caste ratio in C. nipponicus.
The caste manipulation experiment showed that the colonies with a caste ratio of 20% reared larvae more efficiently than did other colonies. This result strongly suggests that the ergonomic efficiency of the colony is actually affected by the caste ratio. Porter and Tschinkel (1985) showed that polymorphic colonies of Solenopsis invicta produced broods more efficiently than artificial monomorphic colonies. Among the social insects, it is well known that individuals of different ages show different behaviors, namely, age polyethism or an age-based caste (see Hoildobler and Wilson 1990 ). In the morphologically monomorphic ant Pristomyrmex pungens, when age-caste ratios were altered, colonies with different caste ratios showed different brood productivities (Tsuji 1994) . These studies suggest the regulation of colony efficiency through the caste ratio, even in the case of age-based castes in monomorphic species. As previously discussed, the present model can be extended to polymorphic species that have more than two castes, based on either age or morphology. Therefore, the model presented here should be useful for estimations of the adaptive demography among subcastes when the degree of specialization of each subcaste to each role can be assessed quantitatively.
In the caste manipulation experiment, 20% majors was the most efficient ratio for brood production. However, the result must be interpreted with caution. The possibility of competition for nesting site was eliminated from the experiment. Thus, the total efficiency function was expected to be different from that of the field colonies. In the present case, the total efficiency function should be a synthesized function that incorporates storage and daily task efficiencies. Thus, the predicted function should have a similar shape to that of the total efficiency function in figure 5B . The total efficiency function in figure 5B was superimposed on the data in figure 7. The superimposed curve has a peak at a ratio of about 16% but still fits well with the observed productivity, except at a caste ratio of 100% majors (the reasons for this disagreement are discussed later). Thus, in spite of the differences between experimental and field conditions, the results match the predictions of the model.
Why was the observed productivity at a ratio of 100% not consistent with the predicted value? It is well known that a caste that specializes in specific tasks can perform other roles on some occasions, a phenomenon known as behavioral plasticity. Wilson (1985) showed that in the dimorphic ant Pheidole pubiventris, majors' activity for daily tasks increased dramatically when they exceeded 80% of the total worker population. Thus, the high productivity at the caste ratio of 100% in the present experiment might be explained by behavioral plasticity of C. nipponicus majors. However, behavioral plasticity should not have a major effect on the results of the experiment in this study because majors generally do not engage in daily tasks until they attain a high proportion (over 80% in Wilson's study). Thus, the observed differences in brood productivity at lower caste ratios would reflect the differences in ergonomic efficiency predicted by the model.
Caste ratio is a characteristic that is expressed at the colony level. Thus, the most efficient caste ratio, or, more precisely, a worker's ability to regulate the caste composition as the optimal ratio, is favored through natural selection that works on the colony as a whole because maximization of the colony's ergonomic efficiency contributes equally to the fitness of all workers. Of course, if there are both fertile and sterile workers concerning male production, evolutionary interest in reproductive output of the colony as a whole might differ between the two groups. There would be, however, no intracolonial conflict between workers in C. nipponicus because all workers do not lay eggs in the presence of a queen (Hasegawa 1994 ). In addition, if a conflict arises over the sex ratio between the queen and the workers (see Trivers and Hare 1976;  this is indeed the case in C. nipponicus; see Hasegawa 1994) , the high productivity of the colony is favorable to both parties. Thus, by studying caste ratios in social insects, we can characterize the hierarchical selection structure that operates on social groups.
Lets us discuss the general predictions and limitations of the present model. The model allows us to estimate the most efficient caste composition when the quantitative specialization of each caste to different tasks is known. Thus, the model is useful for studies of colony-level selection through the caste ratio and its interactions with individual selection. Moreover, the model makes some general predictions about caste composition. When there is little size difference among castes, the model predicts that the proportion of a caste will be high when this caste is highly specialized for performance of a specific task. This prediction is easily understood when we compare figure 1A and B. If a caste is highly specialized in a task, the efficiency function of the caste has a steep slope, and the optimal proportion of the caste is high (fig. 1A) . However, the efficiency function of a less specialized caste has a gentler slope, and the optimal proportion is low ( fig. 1B) . Nevertheless, this prediction does not hold when there is a large size difference between castes or when the effects of tasks on colony efficiency are not additive. In these cases, the efficiency function changes nonlinearly with the numerical proportion of the caste (as in fig. 1C ). In such cases, the general ten-dency in the optimal caste proportions cannot be predicted from degree of specialization only.
One limitation of the model is that it makes no predictions about the causes and the direction of specialization of castes. The model can estimate the optimal caste composition, based on the present degree of specialization, but it cannot identify evolutionary factors that originally promoted the differentiation of castes. The main cause of the evolution of the worker subcastes is still unknown. In a consideration of proximate mechanisms of subcaste differentiation, Wheeler (1991) discussed the developmental basis of worker polymorphism in ants and suggested that alternative phenotypes of the same genotype might promote caste differentiation. Morphological polymorphism might appear from a single mutation in genes that regulate the developmental schedule of larvae. However, worker subcastes can occur without genetic differentiation among castes. In fact, under experimental conditions, larvae of C. nipponicus can develop into both queens and major workers depending on the nutritional conditions of the colony (E. Hasegawa, unpublished data). Thus, alternative phenotypes of the same genotype have to be considered in studies of caste differentiation. The model presented here has little power in such interesting studies. However, the model does help us elucidate hierarchical selection structures on social groups, which are issues of major importance in evolutionary ecology.
